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Electrical and Physical Properties of Carbonized Charcoals 

Kazuhiro Mochidzuki, Florence Soutric, Katsuaki Dadokoro, Michael Jerry Antal, Jr.* 

Hawaii Natural Energy Institute. University of Hawaii atManoa. Honolulu. Hawaii 96822 
MSriaT6tli 

Hungarian Academy of Sciences. Research Center for Earth Sciences, Laboratory for Geo- 
chemical Research, Budadrsi lit 45. Budapest. Hungary 1112. 
Borb&Ia Zelei and GSbor Vfirhegyi 
- Hungarian Academy of Science. Chemical Research Center. Research Laboratory of Materi- 
als and Environmental Chemistry. P. O. Box 1 7. Budapest 1525. Hungary 

Abstract 

Because coal does npt conduct electricity and graphite is cosUy and inert, little attention has 
been given to the development of a fuel cell that utilizes a consumable caibon anode to generate 
power. In this work we show that a packed bed of carbonized charcoal particles subject to a 
compressive pressure (ca. 8 MPa) can be a good electrical conductor (a < 0.2 Q-cm). Low elec- 
trical resistivities a are manifest by many different charcoals after carbonization at a heat treat- 
ment temperature (HTT) of 950 «C. Although flie resistivity of a packed bed of a specific car- 
bonized charcoal decreases as a weak fimction of mcreasing apparent density of the bed, low 
density carbonized charcoal beds (e.g. Leucaena wood) can manifest Wgher electrical 
conductivities than high density packed beds (e.g, macadamia nut shell). The 7 order of 
magnitude decrease in the electrical . resistivity of charcoal with increasing HTT is not associated 
with any dramatic change in the carbons' x-ray difi&action spectrum, its FTIR spectrum, or its 
elemental analysis. Since charcoal powder is competitive in price with fossil fuels, and since 
carbonized charcoal is extremely reactive, it appears that a packed bed of carbonized charcoal 
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charcoal is extremely reactive, it appears that a packed bed of carbonized charcoal hold promise 
as a consumable anode for use in a fiiel cell. {More?? } • 

Introduction 

Carbon batteries played an important role in the history of fuel cell research. Sixteen years 
after Grove* demonstrated an "electrolyte gas cell" that gave an open circuit EMF of about 1 V 
between H2 and O2, ^ecquerel attempted to build a fuel cell that consumed coaL^ ' Unfortu- 
nately, the electrolyte contained a nitrate that attacked the carbon witiiout producing a current. 
Later Jablockof?' ' tested an apparatus modeled on a similar conc^t. By (he end of the 19* cen- 
tury the increasing production of electric power began to consume considerable amounts of coal 
because the conversion efficiency was low (3%).' Contemplating this problem, in 1894 Ostwald' 
called fpr development of a fuel cell tibat would react carbon with oxygen to produce electricity 
more efficiently than themno-mechanical equipment Two years later in Boston Jacques' dem- 
onstrated a 1.5 kW battery that employed a consumable carbon anode, an iron catiiode, and an 
air-bubbled alkali hydroxide electrolyte to generate 0.9 V at 400 - 500 "C. Operating intermit- 
tently, this battery delivered power with an overall efficiency of 32% during a six-month period. 
The experiment failed because carbonates accumulated in the electrolyte that halted tiie electro- 
chemistry.' In 1904 Haber and Bruner' showed that the Jacques carbon fuel cell actually in- 
volved the production of hydrogen as an intermediate in the electrochemistry. But Haber was 
unable to build a practical carbon fiiel cell. In 1937 Baur and Preis^ tested a fuel cell fliat used a 
coke anode and an electrolyte composed of zuconia stabilized with magnesia or yttria at >1000 
°C. Vielstich explains that the high temperature was needed because of the low reactivity of the 
carbon fuel.' No practical carbon fuel cells resulted fix)m tbs work of Baur and Preis. 



2 



3/28^003 

Interest in carbon fuel cells resurfaced during the 1970's. when the Stanford Research Insti- 
tute (SRD attempted to develop a coal based fuel cell that employed molten lead at temperatures ' 
of500to900-C>^ This workwas abandoned in 1981. Recently. Scientific Applications ai,d 
Research Associates* reported progress in further developing the SRI concept At Stanford Uni- 
versity Gur and Huggins' demonstrated a high temperature (725 to 955 "C) fuel cell that em- 
ployed stabilized zirconia as a solid electrolyte and a graphite anode. To the best of our knowl- 
edge, these recent developments have not led to the demonstration of a practical carbon fo^^ 
Summarizir^ the status of carbon foel cells, Bockris and Srinivasen' concluded that carbon fuel 
cells are impractical because (i) coal is not an electrical conductor, and (ii) graphite i, too scarce 
and expensive to be used as a fuel. Thus the history of carbon &el cell research suggests that the 
chief obstacles to the development of a biocarbon fuel cell are the electrical conductivity of the 
biocarbon, its cost, and its reactivity. 

It has been known for centuries that biocarbons can possess very high electrical conductivi- 
ties. In 1810 carbonized charcoal electrodes were used in an arc lamp, and in 1830 carbonized 
charcoal was used as an electrode for primary batteries. These elect,x)des were made from pow- 
dered chareoal or coke bonded with sugar syrup or coal tar, pressed and carbonized.^ Recently. 
Coutinho. Luengo, and their co- workeis^-' reported extensive studies of biocarbon electrodes 
manufactured from chareoal particles bonded together by wood tar and subsequently carbonized. 
At a caibom^^ion temperature of 900 'C biocarbons from Eucalyptus wood began to evidence , 
turbostratic (i.e. microcrystaUine) structure as revealed by XRD.»- ' ' The measured electrical , 

sistivityoftheelectrodefellto 10-^£2^mforcarbo„izationattemperaturesabove9 This 
background suggests that carbonized charcoal could be used to fabricate the consumable anode 
of a carbon battery. Furthermore, we remark that charx«>al can be produced from biomass 
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pensively in yields that approach the theoretical limit.*^' " Carbonized charcoal is also easy to 
store, and an established infrastructure exists to deliver charcoal to consumers worldwide. 
Moreover, carbonized charcoal - unlike graphite - is extremely reactive. For these reasons 
we have a keen interest the development of biocarbon fuel cells. The first step is to establish 
some baseline data for the properties of carbonized charcoal electrodes. In this paper we present 
data that describe the effects of increasing carbonization temperature on the properties of carbon- 
ized charcoal particles, including their electrical resistivity in a packed bed subject to compres-. 
sive force, their chemical atid physical composition as determined by elemental analysis, FTIR, 
and XRD spectra, and their surface area. We focus on a carbonization temperature of 950 C be- 
cause earlier work has proven the high reactivity of this biocaibon.'^" Higher carbonization 
temperatures may produce reactive carbons with even lower electrical resistivities than those de- 
scribed in this report 

Appiiratus and experimental procedures 

The raw biomass materials that served as substrates to produce the hi^-yield charcoals em- 
ployed in this study were obtained as representative grab-samples in Hawaii. The high-yield 
charcoals were produced according to procedures described in earlier publications.'^ 

Carbonization procedures. A tubular iumace (Applied Test Systems 3210) with tempera- 
ture control (Applied Test Systems XT-16), which can reach temperatures as high as 1200 »C, 
was employed to carbonize the high-yield charcoal samples. A quartz tube (122 cm long, 1 .99 
cm I.D.) was placed within the furnace and used to carbonize a measured amount of charcoal in a 
ceramic boat By locating type K thermocouples in the bo^t, it was possible to accurately meas- 
ure the heat treatment temperature (HTT) of the charcoal. UHP nitrogen gas was delivered at 1 .0 
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L/min to flie tube during the carbonization process, thereby ensuring that the carbonization proc- 
ess, including the heat-up and cool-down steps, occurred in an inert environment In a few cases, ' v 
charcoals were caihonized within a closed crucible in a mufiQe furnace (Bamstead Themolyne 
FB1215M). This procedure was employed in our earlier work,'^ and is able to carbonize larger 
quantities of charcoal more conveniently than Ae tabular furnace. Unfortunately, several weak- 
nesses accompany the use of a mufiQe furnace. First (and perhaps foremost), the muffle fiimace 
thermocouple (TC) reports its own temperature^ which is neither the temperature of the furnace 
nor fte tempwature of die caifoon wi&in the closed crucible. Our studies indicate that the muffle 
furnace TC reports a temperature about 30 to 40 "C bi^ei than the temperature of the outer sur- 
fece of the ceramic crucible. The measurement of the carbon temperature within the closed cru- 
cible is not easy, consequently, we do not know how large a temperature gradient exists betweeii • 
the outer surface of the crucible and the center of the carbon bed in the closed crucible. Secondly, 
the lid of the crucible leaks a Utfle aii^ consequently, the carbonization is not accomplished in a 
truly inert environment. 

FTIR analyses. The FTIR spectra were measured by a FTIR spectrometer system (Perkin- 
Ehner 1710), inchiding a DTGS detectpr, DRIFT accessory and microsampling. The specimens 
were measured in powder form, using KBr as reference material. The spectra were recorded 
from 4400 to 400 cm"' by averaging 100 scans at 4 cm"' resohitiott. 

XRD analyses. X-ray powder diffraction (XRD) measurements were carried out for phase 
and crystal structure identification with Philips PW1710 diffractometer using CuK* radiation and 
a graphite monochromator (45 kV, 35 niA, diveigence 1*»). {GV & MT: OK?? More??} 

BET surface area and total pore volume analyses. An automatic gas analyzer (Quanta- 
chrome Aurosorb-1) was used to determine the specific surface area and total pore volume of the 
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carboni2»d charcoal?. After a vacuum, outgas step at 483 K for 4 hours, the nitrogen-adsoiption 
isotherm was measured at a liquid-nitrogen temperature (77 K). The Brunauer-Emmett-Teller 
(BET) method was employed to determine the surface area from a limited linear region of the 
adsorption isotherm, usually 0.05 < P/Po < 0.35. The total pore volume was calculated from the ' 
gmount of nitrogen adsorbed at a relative pressure close to unity (P/pp > 0.99). To validate our 
sur^ce area determinations, we measured the surface area of a commercial Bamebey and Sut- 
cliffe (B&S) coconut shell activated carbon. Our result (1201 mVg) agreed wifli the value re- 
ported by B&S (1106 m*/g). 

Electrical resistivity. The electrical resistivity of the biocarbon samples was determined by 
a two-probe packed-bed technique at room temperature (ca. 20 °C). As shown in Figure 1 , the 
Nickel electrodes at the top and bottom of the 1 .9 cm packed bed - contained in an alumina tube - 
enable measurement of the electrical resistance of the bed. The packed bed is compressed by the 
upper electrode, whiph is forced against the bed by a pneumatic piston. Note that flie electrodes 
are insulated from the apparatus by Teflon and almina. The electrical resistance of the packed 
bed is measured with a precision ISOTEK M2 10 4 probe?? {MJA??} ohmmeter. This meter has 
a resolution of O.OOIQ from 0 to 1.990Q, a resolution of O.OIQ from 1.99Q to 19.90Q, and a 
resolution of O.IQ from 19.9Q to 199.9Q. Our setup mimics the apparatus originally employed 
by MrozowsW" in his pioneering work, but was designed to enable its future use as the anode of 
a carbon fiiel cell within a pressure vessel. The resistivity, p in Q-cm, is given by the equation, p 
= RA//, where R, A and / are' measured resistance in Q, cross sectional area of the bed in cm^ and 
length between the probes in cm, respectively. Note that the measured length is not the exact 
length / of the bed due to Uie compression of the nickel electrode And flie stretching of the 
stainless steel thr^ded rods that results from the compressive force applied to flie packed bed. 
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To account for th^e effects we measured the change in the apparent length of an empty bed (i.e. 
zero length offeet) over the range of applied pressures used in this work (see FigureZ). After an 
initial smaU, nonlinear change in length (due to slack in the system) ttie change in the zero offiet 
length was linear with pressure. The Hook's law slope of the line (-3.23??{KT: OK??} x 10'^ 
cm/MPa) displayed in Figure 2 is neariy id^tical to fixe theoretical value (-3.34??{KT:.OK?? x 
lO^' cm/MPa) cal6ulated using the appropriate Young's moduli of Ni 200 and SUS 316 and 
geometric factors for the elements of the cell under compression and tension. We used the 
Hook's law formula to correct the zero offeet value of the instnmient, and this correction resulted 
in a smaU decrease in the calculated values of the packed bed's resistivity and its density, ffigher 
compressive pressures and the shorter bed lengths had a bigger rnipact on ttiis correction. In the 
case of a compressive pressure of 9.5MPa and a bed length of 0.1 cm, the coirection resulted in 
ca. 35% decrease of the measured resistivity and the apparent density of the packed bed. 

Results 

Unless noted otherwise, the carbons listed in Table 1 were prepared m the tubular fiimace at 
the indicated HTT with a soak time of 10 min. Typically two to three boat lots were needed to 
produce enough carbonized charcoal for subsequent analyses. As expected, the bumoff of the 
macshell charcoal increased monotonicaUy with increasing HTT, except for the 1050 X sample 
that was derived fix)m a different charcoal batch with a much lower volatile matter content The 
elemental analyses of these carbons showed a scattered progression fiom 87.9 wt% to 95.13 wt% 
carbon With increasing HTT accompanied by concomitant decreases m the H and O content of 
samples. Note that the 1050 »C carbon was derived from a different macshell charcoal sample 
than the other carbons and this might explain its high nitrogen content Values of the H/C and 
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0/C ratios of the macshell carbons (see Table 2) decreased monotonically, except for the 950 "C 
sample. Of the remaining carbons listed in Tables 1 and 2, the leucaena wood carbon resembles 
the kukui nut shell carbon (except for their respective ash contents). A comparison of the 950 
carboiis reveals a considerable range in the values of each of the properties listed in Tables 1 and 
2. 

Fim Analyses. The FTIR spectra pf the macshell carbons prepared at 650 to 850 °C are 
displayed in Figure 3. For comparison, tiie.spectrum of the macshell charcoal substrate and that 
of a Sigma-Aldrich synthetic graphite fax also mdicated. Note tiiat all spectra are displayed on a 
linear absorbance scale and each curve is drawn one unit higher tiian the one beneath it. This 
approach facilitates the comparison of the relative intraisity of tiie spectra. Weak features at 
about 2350 cm ' belong to CO2 absolution of air. H2O adsoriied on tiie KBr reference material 
gives weak, broad inverse bands at about 3400 and 1630 cm'" m the speeds of the carboiis. 
There is a weak and sharp absorption band at about 1378 cm ' origmating fiom a KBr impurity. 

As expected, the macshell charcoal has an alkyl aromatic structure witii many oxygen con- 
taining (C-O-H, C=0, C-O-C) functional groups that give rise to characteristic bands in flie infia- 
red spectiiun." During caiboni2ation these functional groups are destroyed. At 650 "C the O-H 
groups (3700-2000 cm '), flie aliphatic C-H groups (3000-2800 cm ') and in a great part the OO 
groups (-1700 cm-') decompose, and condensed aromatic structures fomj with characteristic C- 
H out-of-plane bending modes (three main band components) between 900 and 700 cm ' . These 
^ findings corroborate earlier TG-MS studies of the carbonization of macshell charcoal."'20 jhe 
TG-MS data revealed major peaks associated with the evolution of H2O, CH4, CO, and CO2 be- 
low 650 '»C. At 750 -C most of tiie aromatic C-H groups are lost. This loss corresponds to a 
TG-MS peak in tiie evolution of H2 at about 750 °C. A weak C-H absorption remams at about 
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880 cm"'. It is assigned to lone H-atoms at the edges of the condensed aromatic sheets.^' A 
weak, broad band with some sub-bands can be observed between 1700 and 1000 cm"' due to the 
skeletal stretching and bending modes of aromatic structures containing residual O and/or N het- 
ero atoms. At 850 the intensity of this weak, broad feature fiirther diminishes, and so does 
the aromatic C-H (-880 cm"') band, as well. 

With increasing caibonization temperature between 650 and 850 °C the overall intensity of 
the infrared spectrum decreases along with the loss of functional groups. The baseline in the 
spectra of the carbonized charcoals is shifted upward. This baseline shift (increasing diffuse ab-. 
sorption) is assigned to low energy electron excitations of condensed aromatic structures. It is a 
weU-known phenomenon in carbonized coal spectra.^' Graphite has jao characteristic infrared 
band(s) in the investigated spectral region and the FDR method is not sensitive to long-range or- 
dering during graphitization." Giaphitization can be followed by Raman spectroscopy;^ how- 
ever, the best me&od is XRD^" (see below). 

All the carbons obtained from the macadami^ nut shell, leucaena, coconut husk and kukui nut 
shell charcoals with HTT of 950 "C show very similar spectra to each other, as well as to the 
spectrum of graphite (see Figure 4). Leucaena has the highest N content, but the spectra of car- 
bons obtained from this precursor do not show significant differences in the region of the C=N 
and C-N stretching bands between 1700 and 1000 cm"' from the spectra of other carbons. Small 
differences in the baseline positions and shapes can probably be accounted for particle size and 
scattering effects rather than electron mobility changes. These effects hardly can be eliminated 
from the DRIFT spectra of the carbonized charcoals and graphite. 

XRD Analyses. For reference. Figure 5 displays XRD spectra of synthetic and natural graph- 
ite samples. Figure 6 displays spectra of macadamia shell charcoals carbonized at increasing 
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temperatures. Unexpectedly, the XRD spectra undergo almost no visible change with increasing 
HTT above 750 "C. Table 3 demonstrates this observation. The scattering domain contains only 
2 layers in the 002 direction. The estimated aromaticity 2« of these domains does not sig- 
nificantly increase with HTT above 750 «C. {GV & MT: what is e?? What can we say about 
it??} Figure 7 displays the XRD spectra of the 950 "C carbonized charcoals. These spectra are 
similar, except for the presence of small peaks that arise fi-om the presence of inorganic species 
(mineral impurities) in the carbon. The broad, featureless peaks displayed in Figure 7 bear little 
resemblance to the broad peak at 26 = 25» associated with the XRD spectra of a turbosti^tic car- 
bon (Monarch 71) displayed in Figure 5 of Walker and Seeley." the heat-treated coals and petro- 
leum coke displayed in Figure 4 of Senneca et al.^, or the sharp peaks associated with heat- 
treated Australian black coals reported by Im. et al." As indicated in Table 3, the scatterin&do- 
main of these carbons contains less than 2 layers in the 002 direction. Values of s for ttiese car 
bons exceed that of the 750 •€ macnut shell carbon. The aromaticity of these carbons is high, 
but significantly lower than that of graphite. 

Surface Area and Pore Volume Distributioiis. Table 1 displays the BET surfece areas 
and (in some cases) the total pore volumes of the carbonized charcoal samples discussed above. 
Although the carbonization technique employed in this study was not designed to enhance the 
porous structure of the substrate, some of the biocarbon samples evidenced surprisingly high 
BET surface areas (e.g. 437 m^/g). EarUer workers reported values between 100 and 200 mVg 
for macshell charcoal carbonized at 900 to 950 C.'^"-» fo the case of the macsheU carbon, the 
lack of a clear trend in the development of surface area with increasing HTT may reflect gross 
heterogeneities in the surface properties of the macshell charcoal. Both Macadamia nut and Ku- 
kui nut shells are rich m oU that forms a coke during pyrolysis. This coke must have a low sur- 
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fece area. It is possible that the scatter in the macsheU data, and the very low surface ar^ of the 
Kukui shell caAon are a result of coked nut oils. More generally, we remark that 50 years ago 
Rosalind Franklin called attention to the existence of "a large volume of extremely small holes" 
within highly porous, non-gmphitizing carbons (e.g. sugar charcoal).3o The presence of ex- 
tremely narrow pores in the biocarbons listed in Table 1 complicates flie determination of their 
suifece areas and pore volume distributions. 

Electricalresistivily.Becausefewstudieshavebeenreportedoftheelectric^ 
packed beds of biocarbons. we initiated this work with measurements of a commercially avail- 
able B&S coconut shell activated carbon (AC), and a commercial gmphite powder that serve as 
reference materials. TheB&S AC. is attractive because it can be sieved to a useful particle size 
(20/40mesh)anditisquitehomogeneous. lUe graphite powder is a logical reference material, 
but its very fine particle size makes it difScult to handle. 

Figure 8a displays flie resistivity and bed length as a fon'ction of applied compressive pres- 
sure for a 0.506 gpacked bed of 20/40 mesh AC. After an initial compression of the bed. the in- 
fluence of the compressive pressure on the measured resistivity and lengfli of the bed. and its ap- 
parcrit density is reproducible with little hysteresis. Although Mrozowski'« observed creep in his 
measurements of packed bed resistivity, we detected no significant, systematic cr^ep over a 60 
min period. The creep observed by Miozowski may have resulted fiom the very high compres- 
sive pressures used in his work. In Figure 8a the resistivity of the bed decreases to a value of 
0.41 ^2-cmatadensity6f0.61 s/mL imderacompressive pressure of7.63MPa. Note that after 
the imtial compaction, the packed bed is virtually incompressible. Figures 8b and 8c display 
identical behavior for packed beds of 1.0 g and 1.5 g (respectively). Figure 8d confirms the ex- . 
pected ohmic behavior of the packed bed under a compressive pressure of 7.6 MPa. Tt. slope of 
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the least-squares line yields a resistivity of 0.44 Q-cm. This value is in good agreement with the 
individual single point vahies. Note that the contact resistance, given by the y inten^ept of the 
hne, is negligible at this pressure. Concerning the contact resistance, Marchand^' comments: "A 
significant value of the electrical conductivity, that is a value, which is indicative of the actual 
structure of the aromatic or graphitic units, can only be obtained if the pamjdtic contact resis- 
tances between particles are reduced to a negligible minimum. TOs obviously could be achieved 
by applying a sufficient external pressure to the sample." Related data for a smaller particle size 
(< 105 jtm) are displayed in Figure 8e. Jn this case the AC reaches a density of 0.81 g/mL (see 
Table 4) with a resistivity of 0.26 Q-cm under a compressive pi^ssure of 1 1.5 MPa. At 7.86 
MPa the measured resistivity (0.35 Q-cm) of the < 105 Mm powder (with a bed density of 0.78 
g/mL) is somewhat less than the value (0.41 fl-cm) associated with the 20/40 mesh material 
(with a bed density of 0.61 g/mL) under , compressive pressure of 7.63 N^a. Ttis comparison 

suggests that the electrical resistivity of thepacked bed is not strongly dependent up^ 
particle size or the apparent density of the bed (see below). 

I'i8-«9displayssimilardatafora2.00gpackedbedofl-2^graphitepowder. Thevery • 
fine particle size combined with the lubricity of gr^hite powder causes the bed to be unusuaUy 
compressible. Under a compressive pressure of 7.77 MPa it evidenced a resistivity of 0.029 Q- 
cmatadensityof 1.41 g/mL. We remark that the compressive pressure caused the packed bed 
of graphite particles to become a wafer that retained its integrity when removed from the appara- 
tus, although the wafer was easily broken by hand. Bywayofcomparison,thedensilyofsolid 
graphite is 2.23 g/mL, and the electrical resistivity of single crystals of graphite is anisotropic, 
with values as low as 40 (iO-cm in the a-b plane at 300 K.^^ 
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We have no knowledge of the conditions that were employed by Bamebey and Sutcliffe to 
produce the AC used to acquire the data displayed in Figure 8. In particular, we have no knowl- 
edge of the carbon's heat treatment temperature (HTT), i.e. its peak temperature. To put a floor 
on this value we carbonized the AC according to our usual procedure in the muffle fiimace at 
950 °C and measured its resistivity as a fimction of compressive pressure. The vahies displayed 
in Figure 10 follow trends similar to those of Figure 8 but with a resistivity of 0.25 n-cm and a 
density of 0.60 g/mL wnder a compressive pressure of 7.61 MPa. The carbonization treatment 
had little effect on the packed bed density, but it lowered the resistivity by 43%. Evidently, the 
activation treatment employed by Bameby and Sutcliffe did not involve a peak temperature 
above 950 °C. Data for carbonized coconut husk charcoal powder displayed in Figure 1 1 can be 
compared to that displayed in Figure 10. Under a compressive pressure of 7.77 MPa the carbonl 
ized husk charcoal offersaresistivity of 0.19 Qcmatadensity of onlyO.45 g/mL. Inspiteofits 
low daisity, the coconut husk carbonized charcoal is a better conductor of electricity than the 
commercial coconut shell AC. Ostensibly this result appears to contradict the claim of some 
earlier workers that increasing the porosity of a carbon decreases both its thermal and its 
electrical conductivities. We remark that oxygen chemisorption can increase the electrical resis- 
tivity of a carbon,^* hence the relatively low conductivity of tiie activated carbon may reflect its 
aggressive chemisorption of oxygen fiom the air. 

. As shown in Figure 12a a packed bed of the 20/40 mesh macsheU carbonized charcoal (950 
"Q evidences an electrical resistivity of 0.12 Q-cm at a density of 0.53 g/mL under a compres- 
sive pressure of 7.97 MPa. In .order to learn more about the effects of HTT on the el^trical re- 
sistivity of carbonized charcoals, we also carbonized macsheli charcoal at HTT of 1050, 850, 
750, and 650 "C. Figure 12b displays the effect of increasmg compressive pressure on the resis- 
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tivity of each of these carbons, that decreases by more than seven ordera of magnitude with in- 
creasing HTT Scorn 650 to 1050 «C. As displayed in Figure 12b. the 1050 C macsbell carbon's 
resistivity is about twice that of the graphite powder. Because these values approach die limit of 
detectability of our equipment, the exact i^tio may differ somewhat fiom a factor of two. Under 
a compressive pressure Qf 7.8 MPa the apparent density of the packed bed decreases from 0.71 to 
0.58 g/mL as the HTT increases from 650 to 950 °C. This decrease is due to increased porosity 
of the carbon at higgler HTT. 

The 20/40 mesh Kukui shell carbon (see Figure 13) evidences a similar electrical resistivity 
(0.18 Q-cm) to those of the coconut husk and macshell carbons, but at a density of 0.82 g/mL. 
The apparent density (0.44 g/mL) of the 20/40 mesh Leucaena wood carbonized charcoal at 7.61 
MPa (see Figure 14) is less than the macshell and Kukui shell carbons; nevertheless its electrical . 
resistivity (0.16 Q cm) is almost the same. To gain fiirther insight into this matter we carbonized 
Leucaena charcoal powder (<105 jmi) and measured its resistivity. As displayed in Figure 14a 
the powder evidences a slightly lower resistivity at the highest compressive pressures employed. 
-On the other hand, the density of the packed bed of powder (0.78 g/mL in Figure 14b) is nearly 
double that of the 20/40 mesh particles. Taken together these findings indicate Aat the porosity ' 
of a carbonized charcoal does not significantly influence the electrical conductivity of the car- 
boa 

Fbr comparison sake, Espinola et al.^' reported a resistivity of 1.24 £2.cm for a packed bed of 
Babacu nut carbon at 19.6 MPa, and 0.272 flsan at 98 MPa. Likewise, they reported a resistiv- 
ity of 0.92 n-cm for Eucalyptus lignin carbon at 19.6 MPa and 0.19 ft-cm at 98 MPa. Unfortu- 
nately. Espinola et al. did not mdicate the HTF of their carbons; consequently, this comparison is 
not very meaningful. 
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Biscussion 

The transformation of biomass to charcoal involves the loss of 60% or more of the sub- 
strate's mass with the evolution of nearly four moles of gas per mole of •'monomer" » During 
this transfoimation. the pyranose ring fiamework of the sugar moieties that compose biomass is 
grossly reananged to form aromatic structures. Since this transfonnation does not involve a liq, 
uid phase, many bonds are left dangling; giving rise to a carbonaceous solid that is inherently po- 
rous at the molecular level and hi^y reactive. Rosalind Franklin elucidated some aspects of 
this transformation in her classic XRD study of crystallite growth in graphitizing and non- 
graphitizing carbons.^* She fomid that oxygen-dch substances (e.g. sugar) form non-graphitizing 
oaibons that have relatively low densities and are micro-porous, very hard, and composed of a 
randomly oriented, cross-linked stincture of graphite^like crystallites. The micix>-porous struc- 
ture combined with the random orientation of the crystallites prevents graphitization. even at 
HTT as high as 3000 "C. Nevertheless, we remark that Franklin employed a 2 h HIT at 1000 
prior to carbonization at 2160 "C and higher (sugar charcoal) in her work; whereas we observe 
graphite-like electrical resistivities following carbonization at 950 to 1050 "C for only 10 min. 
Surprisingly mild conditions impart graphite-like electrical properties to non-graphitizing car- 



bons. 



In a classic p^er Mrozowski'» (see also Pimiick^') showed that tiie elecfrical resistivity of a 
packed bed of coke particles (subject to HTT of 1200 «>C or more) decreased with increasing 
pressure (to ti^e -0.5 power) and also decreased with increasing particle size (to the -0.25 power). 
Nolimittothewnductivitywasreachedatpressmesashighas lOOMPa. The dependence of 
resistivity on pressure evidenced hysteresis, and changed with increasing time at constant pres- 
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sure (i.e. "dreep"). On the other hand, we observed no creep, UtUe hysteresis and little effect of 
pressureonresistivityafteraninitial compaction ofthebed. Furthermore, we found that neither 
thepartidesizenortheporosityofthebedhadabigimpactonitselectricalr^^^^^^ 
compressive pressure of >5 MPa. We believe that some of these differences can be explained by 

acrushingofthebedatthehighpressuresemployedby]^ozowski.Ourequi^^^^^ 
accommodate such high compressive pressures. Furthemiore, such pressures are not needed to 

obtainaworkabIeanodeinafoelcell,andstabilityofthepackedbedwouldbeadesirBble^^^ 
erty of an anode employed in a fuel cell. 

If we employ the correlation^o proposed by Cordero et al. for the higher heating value (HHV) 

ofchan:oal(Le.HHV/MJ = 03543%flC + 0.1705%VM) and assume that the 9^ 
contain only ash and fixed carbon, then the energy content of these carbons is about 35 MJ/kg 
(see Table 4). This vahie is somewhat lower than that of crude oil (ca. 44 MJ/kg). but much 
high^thanmostcoals. {KT: what about LNG and p„,pane??} Table 4 also displays the energy 
density of these carbons on a volumetric basis. These values range froin 15.2 to 28.6 GJ/m\ and 
can be compared to the energy density of gasoline (ca. 28 GJ/m^ KT: piease coufirm). ethanol 
(ca. 21 GJW; KT: please confxm.) LNG (KT??) and propane (KT??). Recognizing that these 

carbon packed bedsret^ their density after an initial compaction, it is evident that d«^^ 
packed beds are attractive energy carriers with energy densities comparable to gasoline. 

The 950 -C carbonized charcoals tested in this work spamied a large range of carbon con- 
tents, ash contents. H/C and O/C ratios, surfece areas.. particle si^es. and packed 
Nev^theless. their FTIR spectra. XRD spectra, and their electrical r^istivities were quite simi- 

lar. F^«more.&eirFnRspectraa„dtheirelectricalresistiWtiesweresimilarto 
graphiteparticles. On the pther hand, their XRD spectra showed no hint ofgraphitization at in- 
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creasing HTT from 750 to 950 'C. These fects cause us to visualize carbonized charcoal to be a, 
macromplecular, cross-linked, amorphous, three dimensional, aromatic structure replete with 
dangling bonds, nanopores, and inicromolecular cracks. If the carbonized charcoal contains 
graphite crystallites, their scattering domain is less than 3 layers thick. {QV and MT: exactly 
what evidence have we found for crystallites?? Are there crystallites present at 750 »C?? Please 
give me your thoughts based on what WE have actually observed, and not what the lore ofthe 
field teaches about fossil carbons.} 

Conclusions 

1. After an initial compaction, a packed bed of carbonized charcoal particles is virtually in- 
compressible and evidences ohmic behavior under a compressive pressure of 7.6 MPa. The con- 
tact resistance between the bed and the two electrodes is negligible at this pressure. We ob- 
served no creep, little hysteresis, and little effect of pressure on the resistivities of packed beds of 
caibonized charcoals after the initial compaction. 

2. Surprisingly mild conditions (HTT « 950 »C) fanpart graphite-like electri6al properties to 
all the charcoals that we studied. 

3.. The electrical resistivity ofa packed bed ofcarbonized charcoal is not stnongly dependent . 
upon the particle size ofthe bed material, the porosity ofthe bed material, or the apparent density 
ofthe packed bed. 

4. The energy content of carbonized charcoal (ca. 35 MJ/kg) is somewhat lower than crude 
oil, but higher than most coals. The energy density of a compact bed of carbonized charcoal 
(15.2 to 28.6 GJ/m^) can equal that of gasoline and can exceed tiiat of ethanol. {MJA: more??} 
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5. Some caibonized charcoals have surprisingly high BET surface areas (e.g. 437 mi*/^; 
whereas others have negligible surface area. The presence of ejctrraiely narrow pores in carbon- 
ized charcoals complicates the determination of their surfece areas and pore volume distribu- 
tions. 

6. Heat treatment temperatures between 750 arid 950 have no si^ificant effect on the 
XRD spectra of macshell charcoals. A wide range of charcoals carbonized at 950 "C manifest 
nearly identical XRD spectra. The scattering domains in these carbons consist of less than 3 lay- 
ers. 

7. All biocarbons obtained from high-yield macadamia nut shell, leucaena, coconut husk 
and kukni nut shell charcoals With HTT of 950 'C show very similar FTIR spectra to each other, 
as well as to the spectrum of graphite. ' 

8. A comparison of the 950 "C biocarbons reveals a considerable range in the values of their - 
C, H, O, and ash contents, and the H/C and O/C ratios. None of these values is closely associ- 
ated with the electrical conductivity of the biocarbon. 

9. The transformation of biomass into a biocarbon semi-metal'involves the loss of 60% or 
more of the substrate's mass with the evolution of nearly four moles of gas per mole of "mono- 
mer" of biomass. During this transformation, the pyranose ring framework of the sugar moieties 
that compose biomass is grossly rearranged to form aromatic structures. Since this transforma- 
tion does not involve a liquid phase, many bonds are left dangling; giving rise to a carbonaceous 
solid that is inherently porous at the molecular level and highly reactive. The findings of this 
work cause us to visualize carijonized charcoal to be a macromolecular, cross-linked, amor- 
phous, three dimensional, aromatic structure replete with conjuagation and dangling bonds. 
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nanopores, and micrpmolecular cracks. If the carbonized charcoal contains graphite crystallites, 
their scattering domain is less than 3 layers thick. {MJA: rewrite this conclusion.} 

10. In light of ±e facts that: (a) a compact packed bed of carbonized charcoal can have an 
electrical resistivity comparable to that of graphite, and (b) a compact carbonized charcoal 
packed bed can have a very large surfece area and high reactivity as well as an energy density 
comparable to gasoline, and (c) biomass charcoal has a wholesale price ($6 per GJ) that is cqm- 
parable to gasoline and natural gas; in the very near foture we anticipate the development of bat- 
teries and foel cells that efSciently and economically generate electric power via the electro- 
chemical oxidation of compact packed beds of carbonized charcoal. 
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Table 4. Summary of the resistivity and density values of packed beds of carbonized charcoal 
under a compressive pressure of ca. 7.6 MPa. 
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Figure 1. Apparatus employed to measure the electrical resistivity of a packed bed of carbon- 
- ized charcoal. 

Figure 2. Effect of compressive pre^sme on Uie zero oflfeet of the measured.bed height Zero 
offeet values calculated by Hook's law (-). Measured zero offset values (•). 

Figure 3. Effect of heat treatment temperature on the Fim spectra of macadamia nutshell char. 
The spectrum of the synthetic graphic is shown for comparison. (Each curve is drawn one 
unit higjier than the curve beneatii it) 

Figure4. FTIR spectra of carbons treated at 950«>C. (Each curve is drawn one unit higher Aan the 
curve beneath it) 

Figure 5. XRD spectra of a natural (-) and a synthetic (- - -) graphite, used as references. 
Figure 6. Effect of the heat treatment temperature on the XRD spectra of the macadamia nit- 
shell carbon. , ' ' 

Figure 7. Comparison of the XRD spectra of charcoals carbonized at 950°C. 

Figure 8. Resistivity (lower set of cmves) and bed lengfli (upper set of curves).vs. compressive 
pressure for apacked bed of (a) 0.5 g, (b) 1.0 g, (c) 1.5 g of 20/40 mesh AC; (d) ohmic be- . 
havior of the carbon packed bed at 7.6 MPa; and (e) resistivity and bed length vs. compres- 
sive pressure for a 0.5 g packed bed of<105^m AC powder. Symbols for (a), (b). (c) and 
(e) pressurization #1. O: depressurization #1,«: pressurization #2, □: depressurization 
#2. Symbols for (d) •,■ and solid line: measured resistance for pressurization #1 and #2 
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aod least squares regression line, ©,□ and dotted line: conrected resistance by subtraction of 
the empty cell resistance for pressurization #1 and #2 and least squares regression line. 

Figure 9. Resistivity (lower set of curves) and bed length (upper set of curves) vs. compressive 
pressure for a 2.0 g packed bed of 1-2 fim graphite powder. (•: pressurization #1, 0: de- 
pressurization #1, ■: pressurization #2, P: depressurization #2.) 

Figure 10. Resistivity (lower set of curves) and bed length (upper spt of curves) vs. compressive 
pressure for a 1.0 gpacked bed of 20/40 mesh carbonized AC. (•: pressurization #1, 0: de- 
pressurization #1 , ■ : pressurization #2, □: depressurization #2.) 

Figure 11. Resistivity (lower set of curves) and bed length (upper set of curves) vs. compressive 
pressure for a 0.49 g packed bed of coconut husk carbonized charcoal powder. (•: pressuri- 
zation #1, 0: depressurization #1, ■: pressurization #2, P: depressurization #2.) 

Figure 12. Resistivity vs. compressive pressure for ca. 0.5 g packed beds of 20/40 mesh maca- 
damia nut sheU charcoals carbonized at 650, 750, 850, 950, and 1050 "C, and graphite pow- 
der (for comparison). Symbols (□: 650°C, A: 750°C, ■: 850*C, A: 950'C, V: lOSCC, •: 
graphite). Each curve shows'depressurization #2. 

Figure 13. Resistivity (lower set of curves) and bed length (upper set of curves) vs. compressive 
pressure for a 0.5 g packed bed of 20/40 mesh Kukui shell carbonized charcoaL (•: pies- 
suri2ation #1, 0: depressurization #1, ■: pressurization #2, □: depressurization #2.) 

Figure 14. (a) Resistivity vs. compressive pressure and (b) resistivity vs. apparent density for 
packed beds of 20/40 mesh and <105 pm Leucaena wood carbonized charcoal, (a) Solid 

• line: 20/40 mesh. Dashed line: powder. Each curve shows depressurization #2. (b) Left side: 
20/40 mesh. Right side: powder- (•: pressurization #1, O: depressurization #1, ■: pressuri- 
zation #2, P: depressurization #2.) 
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Figure 1. Apparatus eniployed to measure the electrical r«dstivi,y of a packed bed of carbonized charcoal. 
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Figure 2, Effect of compressive pressiiie on the zero offset of the measured bed height' Zero 
calculated by Hook's law (-). Measured zero offset values (•). 
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Figure 3. Effect of heat treatment ten^rature on the FITR specta of macadamia nutshell char. The . 
spectrum of the synthetic graphic is shown for comparisoa (Each curve is drawn one unit higher than the 
curve beneath it) 
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Figure 4. FTIR speclra of carbons treats at 950-C. (Each curve is drawn one unit 

cluve beneath it.) 
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Figure 5. XRD spectra of a natural (-) and a synthetic (- - -) graphite, used as references. 
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Fignre 7. Comparison of the XRD spectra of charcoals carbonized at 950»C. 
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K .^r"' ^ """^ ^ ''''''' ''^ - -™P--e ,r^^ for a 

packed bed of(a,03^(b)I.0g.(c)I.5gof 20/40.^ AC;(d)oh^c behavior ofthec.^^^ 
MPa; and (e) resistivity and bed length vs. compre«ive pressu« for a 0.5 g packed bed of <,05 ^ AC powder 
Syn^bpia for (a), (b). (c) and (e) •: pressurization #1. Q: depressurization pressurization #2 

•depressurization #2. Sy»boJs for (d) and solid «ne: re^ce for pressurizadon #1 and #2' and ' 

east squads regression line, O.El and dotted line: coveted resistance by subt^n of the cn.pty cell resistance 
for prcssunzation #1 and #2 and least squares regression line. 




Figure 9. I^sistivityGower set of curves) and bed length fupoer set of «.rv^«\„ 
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Figure 10. Resistivity (lower set of curves) and bed length (upper set of curves) vs. compressive pressure for a 1.0 
g packed bed of 20/40 mesh carbonized AC. (#: pressurization #1, O: depressurization #1, ■: pressurization #2, 
□: depressurization #2.) 
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Figure 11. Resistivity (lower set of curves) atod bed length (upper set of curves) vs. conipressive pressure fdr a 
0.49 g packed bed of coconut husk carbonized charcoal powder (•: pressurization #1, O: depressurization #1, 
pressiirizatioiK #2, □: depressurization #2.) 
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Figure 12. Resistivity vs. compressive pressure for ca. 0.5 g packed beds of 20/40 mesh macadamia nut shell 
charcoals carbonized at 650, 750, 850, 950, and 1050 ^C, and graphite powder (for comparison). Symbols (O: 
650«>C, A: 750°C, ■: 850-0, A: 950»C, V: 1050»C, graphite). Each curve shows depressurization #2 
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Figure 13. Resistivity Oo wer set of curves) and bed length (upper set of curves) vs. compressive pressure for a 0.5 
g packed bed of 20/40 mesh Kukui shell carbonized charcoal. (#: pressurization #1, O: deprcssurization #1, ■: 
pressurization #2, P: deprcssurization #2.) 
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Figure 14. (a) Resistivity vs. compressive pressure and (b) resistivity vs. apparent density for packed beds of 
20/40 mesh and <105 jim-Leucaena wood carbonized charcoal, (a) Solid line: 20/40 mesh. Dashed line: powder. 
Each curve shows d^ressurization #2. (b) Left side: 20/40 mesh. Right side: powder. (•: pressurization #1, O: 
depressurization #1, ■: pressurization #2, □: depressurizatipn #2.) 
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Macnut shell 
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" FWHM: Width at half peak height of reflection (002) 

Urn: Domain size calculatbd by Fourier and Voigt analysis, using the Schener equation 
e: Deformation 

d (002): Distance between crystallite planes in direction (002) 
^Ya: aromaticity fector 
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